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a b s t r a c t

Caldimonas taiwanensis accumulated polyhydroxybutyrate (PHB) at 55 ◦C from gluconate, fructose, mal-
tose, and glycerol under nitrogen-limited condition. The PHB content peaked at 14 h after inoculation from
gluconate. C. taiwanensis did not grow or accumulate PHA from fatty acids as the sole carbon source; how-
ever, it incorporated 3-hydroxyvalerate (3-HV) into PHB polymer from gluconate and valerate as a mixed
carbon source. By adjusting the valerate concentration, the molar fraction of 3-HV could be modulated
from 10 mol% to 95 mol%. Fatty acid valerate substantially inhibited cell growth and PHA accumulation
tarch
hermophile

with the addition of as little as 5 mM to the medium. Supplementing the medium with yeast extract over-
came the inhibition, which enhanced not only the yield of biomass but also PHA productivity. The in vivo
substrate specificity of PHA synthase ranged from C4 to C6. In addition, C. taiwanensis also incorporated
a wide range of 3-HV into PHA from soluble starch and valerate as a mixed carbon source. Food-grade
starches made from cassava, corn, potato, sweet potato and wheat respectively mixed with valerate were
studied for poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)] production. In this study, C.

h pro
taiwanensis exhibited hig

. Introduction

Polyhydroxyalkanoates (PHAs) are a sort of biological polyesters,
hich function as carbon and energy reserves in prokaryotic cells;
any different bacteria synthesize PHA when a carbon source

s provided in excess and one essential growth nutrient is lim-
ted [1]. The biological polyesters have attracted much attention
ecause of the similarities of their physical characteristics to those
f petrochemical polyesters such as polypropylene. The biocompat-
ble and biodegradable features of biopolyesters make them good
andidates for biodegradable plastics. Poly(3-hydroxybutyrate-co-
- hydroxyvalerate) [P(3HB-co-3HV)] containing low molar fraction
f 3-hydroxyvalerate (3-HV), the first such industrial product, was
roduced by ICI Ltd. in 1982 and sold under the trademark Biopol®.
t is more flexible and tougher than homopolymer and was pro-
uced on an industrial scale by the fermentation of Cupriavidus
ecator from glucose and propionic acid [2]. Production of P(3HB-
o-3HV) with high 3-HV molar fraction was studied on bacteria

∗ Corresponding author at: Department of Marine Biotechnology, National Kaoh-
iung Marine University, No.142, Hai-Chuan Road, Nan-Tzu Dist. Kaohsiung, Taiwan.
el.: +886 7 361 7141x3804; fax: +886 7 366 3967.

E-mail address: sds@mail.nkmu.edu.tw (D.-S. Sheu).

141-0229/$ – see front matter © 2009 Elsevier Inc. All rights reserved.
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mise for reducing the production cost of P(3HB-co-3HV).
© 2009 Elsevier Inc. All rights reserved.

such as Chromobacterium violaceum [3], Delftia acidovorans [4], and
Paracoccus denitrificans [5] because of their different physical prop-
erties and applications in various fields. The major drawback of PHA
in terms of commercialization was the high production cost of PHA
compared with petrochemical-based plastics [6,7].

Some reports have focused on the economic evaluations for
PHA production. The entire process for PHA production, includ-
ing provision of the raw materials (carbon source), strain selection,
development of fermentation strategy, and recovery of PHA, have
been analyzed [6,7]. Amongst the above factors, the cost of raw
materials accounts for almost half of the total production cost.
Hence, it is critical to lower the production cost of PHA by employ-
ing a bacterial strain capable of using a cheaper carbon source [8].
Starch or hydrolysed starch, cellulose and hemicellulose, as well
as sucrose and cheese whey have all been proposed as economical
carbon sources [6]. Starch is one of the most abundant and most
easily renewable carbon sources. Recently, there have been sev-
eral reports on producing PHB from starch or hydrolyzed starch via
bacterial fermentation [8–11].
C. taiwanensis, a thermophile isolated from a hot spring in South-
ern Taiwan, is capable of accumulating PHB granules in the cell
from glucose [12]. The intrinsic starch-digesting enzymes detected
in the cultural broth indicates that C. taiwanensis is able to accu-
mulate PHB from starch directly, without digestion of the starch

http://www.sciencedirect.com/science/journal/01410229
http://www.elsevier.com/locate/emt
mailto:sds@mail.nkmu.edu.tw
dx.doi.org/10.1016/j.enzmictec.2009.01.004
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as compared with only gluconate as the carbon source (3.4 g l−1).
A high concentration of valerate (higher than 20 mM) substantially
inhibited the bacterial growth and PHA accumulation (Fig. 2). The
results revealed that the presence of valerate markedly inhibited
90 D.-S. Sheu et al. / Enzyme and Mi

rior to fermentation. In this study, we report on the ability of C.
aiwanensis to produce high yields of P(3HB-co-3HV) from starch.
he modulation of 3-HV composition, in vivo substrate specificity
f PHA synthase, and production of P(3HB-co-3HV) from starch and
alerate as a mixed carbon source are analyzed.

. Materials and methods

.1. Bacterial strain and growth conditions

C. taiwanensis was cultivated on three fold diluted Luria-Bertani (1/3× LB) broth
Bacto-tryptone 3.3 g l−1, yeast extract 1.7 g l−1, and sodium chloride 3.3 g l−1) or LB
gar plate at 45 ◦C for routine bacteria maintainance. Mineral salt (MS) medium
ontained 4.45 g l−1 of Na2HPO4·2H2O, 1.5 g l−1 of KH2PO4, 0.2 g l−1 of MgSO4·7H2O,
g l−1 of (NH4)2SO4, 60 mg l−1 of ferrous ammonium citrate, 10 mg l−1 of CaCl2·2H2O,
nd 1 ml l−1 of trace element was used for the experiment of PHA accumulation [13].

.2. Production of PHA

Cells grown on 1/3× LB medium for 12 h at 45 ◦C were inoculated to a 250 ml
ask with 30 ml MS medium. Filter-sterilized carbon sources, except starches, were
dded to the medium as indicated in the text. The cells were cultured at 55 ◦C on
n orbital shaker (200 rpm min−1) for indicated time. The PHA accumulated cells
ere harvested, washed with nitrogen free MS medium, lyophilized, and subjected

o methylation for gas chromatography (GC) analysis. For substrate specificity anal-
sis, C. taiwanensis was subjected to PHA accumulation experiments using 1.5% of
luconate mixed with 0.1% of fatty acids as carbon sources. When the fatty acid was
ne component of the mixed carbon sources, the cultural temperature was adjusted
o 50 ◦C and the MS medium supplemented with 0.75 g l−1 of yeast extract.

For PHA accumulation from valerate and starch as a mixed carbon source, 15 ml
f the log phase cultured bacteria (OD600 at ca. 0.7) was harvested by centrifugation
t 25 ◦C and washed once with MS medium before being inoculated to a 250 ml flask
ontaining 30 ml MS medium. After 16 h additional cultivation at 50 ◦C, the cells were
arvested and lyophilized for GC analysis.

The fatty acids were neutralized with sodium hydroxide into sodium salt before
eing used as the carbon source. All the carbon sources, including gluconate and fatty
cids, were prepared as 20% solutions in water and filter-sterilized. The soluble starch
nd food-grade starch solution (3%) was freshly prepared in MS medium by heating
o boiling and mixing with magnetic stirring for 20 min prior to PHA accumulation
xperiments. It was ready for use after cooling to room temperature.

.3. Analysis of polyhydroxyalkanoate in cells

The PHA content and monomer composition were analyzed by GC. Approxi-
ately 10 mg of lyophilized cells was subjected to methanolysis in the presence of

5% sulfuric acid as previously described [14]. The resulting methyl esters of con-
tituent 3-hydroxyalkanoic aids were assayed by GC according to Brandl et al. [15].
C analysis was performed on an Agilent Plus equipped with a HP-5 capillary column

30 m × 0.25 mm; 0.25 �m film thickness) and a flame-ionization detector.

. Results

.1. The growth and PHB accumulation

C. taiwanensis was capable of growing in 1/3× LB medium but
ot in rich medium such as 2× YT medium at 55 ◦C. Furthermore,

t accumulated 14% (dry w/w) of PHB in 1/3× LB medium contain-
ng 1.5% gluconate as carbon source. Higher than 50% of PHB was
btainable under nitrogen limitation condition. It accumulated 70%,
2%, 60%, and 52% of PHB in the cells at 55 ◦C (optimal growth tem-
erature) from sodium gluconate, fructose, maltose and glycerol
s sole carbon source, respectively, under nitrogen-limited condi-
ion (C/N molar ratio = 30) but not from lactose or sucrose (data
ot shown). The effect of nitrogen limitation on PHB accumulation
as analyzed by performing PHB accumulation on various molar

atio of carbon to nitrogen (C/N molar ratio) condition. The results
uggested that the optimal C/N molar ratio for PHB accumulation
as 30; however, the cell still accumulated 45% (dry w/w) of PHB
rom gluconate when the C/N molar ratio was five (data not shown).
o determine the cultivation time for PHB accumulation in flask
xperiment, the growth and PHB content of C. taiwanensis were
onitored at 55 ◦C with optical density measurement (OD600) and
C analysis, respectively, in which 1.5% gluconate was provided as
Fig. 1. The growth curve and PHA accumulation of C. taiwanensis at 55 ◦C in MS
medium containing 1.5% sodium gluconate as carbon source.

the carbon source. The results revealed that the PHB content simul-
taneously increased with the cell growth and reached the highest
content (71 dry wt%) at 14 h (early stationary phase) after inocula-
tion. After peaking, the PHB content gradually decreased with time
(Fig. 1).

3.2. Biosynthesis of P(3HB-co-3HV)

Using fatty acid as a sole carbon source, C. taiwanensis did
not grow at 45 ◦C or 55 ◦C, and no PHA was detected, when the
bacteria was grown in rich medium and then transferred to MS
medium for PHA accumulation (fatty acids tested included propi-
onate, valerate, hexanoate, heptanoate, octanoate, nonanoate, and
decanoate, at concentrations ranging from 0.05% to 0.5% in MS
medium). Obviously, C. taiwanesnis could not use fatty acid as the
sole carbon source for growth or PHA accumulation. Nonetheless,
it incorporated 3-HV into polymer when gluconate and valerate
were provided as a mixed carbon source. Through regulation of
the concentration of valerate (5 mM to 80 mM) in a gluconate con-
tained medium, a wide molar fraction of 3-HV (10 mol% to 95 mol%)
was incorporated into PHB polymer (Fig. 2). However, a low yield
of biomass (0.8 dry wt g l−1) was obtained when even as little as
5 mM of valerate was added to the gluconate containing medium,
Fig. 2. The modulation of 3-HV composition in PHA accumulated by C. taiwanensis
from various concentrations of valerate mixed with 1.5% gluconate as carbon sources.
The bacteria were grown at 50 ◦C for 29 h.
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ig. 3. The effect of yeast extract on the yield of biomass and PHA production from
.5% gluconate and 0.05% valerate as mixed carbon source.

ot only the growth of the bacterium but also the PHA biosynthe-
is. Although the molar fraction of 3-HV could easily be modulated
n this study, the low biomass and low PHA content would hamper
he application to PHA production.

Supplementing the MS medium with yeast extract enhanced
oth the biomass yield and PHA productivity without drastically
ffecting the monomer compositions (Fig. 3). The effect of yeast
xtraction on PHA accumulation was investigated with 1.5% glu-
onate and 0.05% valerate as a mixed carbon source. For additions
f 0.2–0.75 g l−1 of yeast extract, the PHA content increased with the
ncrease in yeast extract and peaked at 0.75 g l−1; further increase
esulted only in decreases (Fig. 3). The trend of the amount of
iomass was similar to that of PHA content, but no obvious decrease
as observed at concentrations higher than 0.75 g l−1. The optimal

oncentration of yeast extract for PHA productivity (PHA con-
ent% × biomass g l−1) was thus concluded to be 0.75 g l−1. In this
ondition, C. taiwanensis converted 1 g of valerate into 0.67 g of 3-HV
Fig. 3). The above results indicate that although valerate inhibited
he growth of C. taiwanensis, it could be efficiently metabolized into
-HV precursor for copolymerization.

Valerate and propionate are fatty acids that are commonly used
or introducing 3-HV monomer into polymer [13]. Fig. 4 demon-
trates the effects of valerate and propionate upon P(3HB-co-3HV)
iosynthesis by C. taiwanensis. In this experiment, the medium was
upplemented with 0.75 g l−1 of yeast extract. With valerate as the
ixed fatty acid, C. taiwanensis incorporated 10–95 mol% of 3-HV

nto PHB polymer; however, only 14 mol% of 3-HV was incorpo-

ated when propionate was the mixed fatty acid (Fig. 4). In addition,
igher than 0.2% of propionate almost completely inhibited the PHA
ccumulation and bacterial growth. Significantly, C. taiwanensis was
apable of efficiently converting valerate into copolymer but not
ropionate. With valerate as the mixed carbon source, the 3-HV

able 1
he PHA accumulation by thermophile C. taiwanenesis from gluconate mixed with various
xtract.

arbon source Biomass (dry wt, g l−1) PHA c

.1% Propionate + 1.5% Glc 2.0 ± 0.20 52 ± 4

.1% Valerate + 1.5% Glc 1.0 ± 0.03 51 ± 2

.1% Hexanoate + 1.5% Glc 2.7 ± 0.50 62 ± 6

.1% Hexanoate + 1.5% Glc + 2 mM acrylic acid 1.18 ± 0.03 47 ± 6

.1% Heptanoate + 1.5% Glc 1.7 ± 0.20 33 ± 3

.1% Heptanoate + 1.5% Glc + 2 mM acrylic acid 0.28 ± 0.03 17 ± 1

.1% Octanoate + 1.5% Glc 0.4 ± 0.07 13 ± 3

.1% Nonanoate + 1.5% Glc No Growth –

.1% Decanoate + 1.5% Glc No Growth –

a The bacteria are cultivated at 50 ◦C for 29 h and all the data are the mean value of thre
Fig. 4. The effects of valerate and propionate on the modulation of 3-HV in PHA.
The 1.5% gluconate mixed with various concentrations of fatty acids were used as
carbon sources.

composition of PHA produced by C. taiwanensis could be widely
modulated.

3.3. The in vivo substrate specificity of PHA synthase

The in vivo substrate specificity of PHA synthase was evalu-
ated by analyzing the monomer composition of PHA accumulated
from gluconate mixed with various fatty acids (carbon chain-
lengths from 3 to 10). The monomer composition of PHA was
analyzed by GC. C. taiwanensis was able to grow and accumulate
PHA from 1.5% gluconate mixed with 0.1% of valerate, hexanoate,
heptanoate, or octanoate, respectively, as carbon sources and exhib-
ited no growth from 1.5% gluconate mixed with 0.1% nonanoate
or 0.1% decanoate (Table 1). GC analysis revealed that C. taiwa-
nensis was capable of incorporating trace amounts (0.5 mol%) of
3-hydroxyhexanoate (3-HHx) into polyester from hexanoate and
gluconate as a mixed carbon source. The molar fraction of 3-HHx
was slightly increased to 1.5 mol% when acrylic acid (2 mM), a �-
oxidation inhibitor, was present in the medium (Table 1). When
heptanoate was the mixed fatty acid, the molar fraction of 3-HV
was 35 mol%. This was drastically enhanced up to 85 mol% when
acrylic acid was added to the medium; under this condition, no 3-
hydroxyheptanoate (3-HHp) was detected in the polymer (Table 1).

We also tried adding 3 mM of acrylic acid to the heptanoate con-
tained medium for PHA accumulation. However, there was still no
3-HHp detected (data not shown). The results suggested that the
in vivo substrate specificity of PHA synthase was ranged from C4
to C6 and that the �-oxidation pathway seems to be the source of

fatty acids as carbon sources, with the medium supplemented with 0.75 g l−1 yeast

ontenta (%, w/w) Polymer composition (mol%)

3-HB 3-HV 3-HHx 3-HHp

.3 88 ± 2.0 12 ± 2.0 – –
.0 49 ± 1.1 51 ± 1.1 – –
.5 99.5 ± 0.15 – 0.5 ± 0.15 –
.5 98.5 ± 0.5 – 1.5 ± 0.5
.0 65 ± 2.6 35 ± 2.6 – –
.2 15 ± 0.9 85 ± 0.9 – –
.4 100 – – –

– – – –
– – – –

e individual experiments.
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Table 2
The PHA accumulation by C. taiwanensis from commercially available starches and valerate as mixed carbon sources. Yeast extract 0.1 g l−1 was added in all experiments.

Carbon sources Biomass (dry wt, g l−1) PHA contenta (%, wt/wt) Monomer composition (mol%)

3-HB 3-HV

1.5% cassava starch + 0.05% valerate 2.8 ± 0.07 67 ± 2.8 87 ± 1.0 13 ± 1.0
1.5% corn starch + 0.05% valerate 3.3 ± 0.07 65 ± 3.0 90 ± 0.0 10 ± 0.0
1.5% potato + 0.05% valerate 2.6 ± 0.16 55 ± 2.6 90 ± 1.0 10 ± 1.0
1 52 ± 3.8 90 ± 2.5 10 ± 2.5
1 42 ± 4.0 90 ± 1.0 10 ± 1.0
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.5% sweet potato + 0.05% valerate 1.6 ± 0.07

.5% wheat starch (low gluten) + 0.05% valerate 4.1 ± 0.20

a The bacteria is cultivated at 50 ◦C for 32 h.

he conversion of fatty acid into 3-hydroxyacyl-CoA for PHA copoly-
erization.

.4. Biosythesis of PHB and P(3HB-co-3HV) from starches

C. taiwanensis secretes starch-degrading enzymes into the
edium, which efficiently digests soluble starch into usable reduc-

ng sugars [16,17]. Here, starch was regarded as a cost-effective
arbon source for PHB production. The flask experiment proved
hat C. taiwanensis could grow well and efficiently biosynthesize
HB polymer from a soluble starch (potato) (Fig. 5). It also pro-
uced P(3HB-co-3HV) copolymer from soluble starch and valerate
s a mixed carbon source. However, the growth of C. taiwanensis was
lso significantly inhibited when valerate appeared in the soluble
tarch containing medium (data not shown). This phenomenon was
he same as gluconate–valerate as a mixed carbon source. The effect
f yeast extract on PHB accumulation and bacterial growth from sol-
ble starch was also investigated. With soluble starch used as the
ole carbon source, the yield of biomass was slightly decreased with
he increase of yeast extract (Fig. 5). However, the trend in PHB con-
ent was reversed, with PHB content peaking (71%) when 0.1 g l−1

f yeast extract was added to the medium, after which it decreased
ith further increases in concentration of yeast extract (Fig. 5). The

esults suggested that higher than 0.1 g l−1 of yeast extract would
lightly hamper the PHB accumulation from soluble starch, but that
he presence of yeast extract would help the growth of bacteria in
medium containing soluble starch and valerate.

In further work on regulating the 3-HV fraction in PHA from
oluble starch and valerate as a mixed carbon source, 0.1 g l−1 of

east extract was added to all experiments. When soluble starch
as mixed with various concentration of valerate, the composi-

ion of 3-HV was adjustable; however, the yields of biomass and
HA content were reduced drastically at valerate concentrations
igher than 10 mM (0.1%) (Fig. 6). It is clear that higher concen-

ig. 5. The effect of yeast extract on the PHB accumulation from 1.5% soluble starch.
he PHB accumulation was achieved at 50 ◦C for 32 h.
Fig. 6. The modulation of 3-HV molar fraction in PHA accumulated from 1.5% soluble
starch mixed with various concentration of valerate as carbon sources.

trations of yeast extract are required to overcome the inhibition
of growth and PHA accumulation caused by valerate, but higher
than 0.1 g l−1 of yeast extract causes a reduction in the PHB content
(Fig. 5). However, the 3-HV monomer could be changed greatly,
from 7% to 95 mol%, by adjusting the valerate concentration in
medium from 5 mM to 40 mM (Fig. 6). The results were similar
to those found with gluconate–valerate used as the mixed carbon
source (Fig. 2). Furthermore, five commercially available starches,
made from cassava, corn, potato, sweet potato and wheat, were
applied to PHA production. C. taiwanensis produced not only PHB
from the above five starches (data not shown), but also P(3HB-co-
HV) from valerate mixed with the above starches as the carbon
source (Table 2). The yields of PHA were similar to those when
from gluconate–valerate was used as the carbon source (Table 2
and Fig. 4). Furthermore, of the starches used in the flask experi-
ments, C. taiwanensis produced the highest PHA productivity (2.15 g
PHA l−1, PHA content% × biomass g l−1) from 1.5% corn starch mixed
with 0.05% valerate as the carbon source (Table 2).

4. Discussion

To date, few reports have focused on studying PHA accumula-
tion by thermophile except for one thermophilic cyanobacterium,
Synechococcus sp. [18]. Biotechnological processes running at high
temperature have some advantages. For example, performing the
PHB fermentation process at high temperature reduces the risk
of contamination. In addition, thermophiles grow faster than
mesophiles and need less time to achieve the PHA accumulation.
For example, in flask experiment, mesophile C. necator H16 needed
48–72 h at 30 ◦C to reach the highest PHB accumulation from glu-
conate [13]. Thermophile C. taiwanensis needed just 14 h to achieve
highest PHB accumulation at 55 ◦C after seeding from the same

carbon source (Fig. 1).

A high concentration of fatty acid added to the medium will
result in toxicity for bacterial cells and lead to the deaths of the
cells [13]. C. taiwanensis exhibited no growth when fatty acid
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as the sole carbon source (data not shown). From this result,
t is clear that C. taiwanensis cannot use fatty acid as an energy
ource for growth. However, with gluconate mixed with valer-
te as the carbon source, the cell growth was partially recovered
nd 3-HV was detected in the accumulated PHA polymer. Here,
luconate worked as the carbon source for growth and PHB accu-
ulation. The fatty acid, valerate, was mainly metabolized into PHA

recursor for copolymerization but not into energy for growth.
HA accumulation performed at 55 ◦C will obtain a low yield
f biomass and low PHA content when valerate is one compo-
ent of the mixed carbon source (data not shown). The yields of
iomass and PHA content recovered when the cultivation temper-
ture decreased to 50 ◦C. This phenomenon may be explained by
he fact that the higher temperature results in higher solubility of
he fatty acid and the growth inhibition caused by the fatty acid
19].

Although fatty acid markedly inhibited the growth of C. taiwa-
ensis, PHA accumulation from gluconate mixed with fatty acids
as performed with the help of yeast extract. In Fig. 3, the percent-

ge of 3-HB was slightly raised with the increase in yeast extract
oncentration. The result could be deduced from the limited valer-
te (0.05%) in the medium. Once the biomass and PHA yield were
reatly enhanced by supplementing the medium with yeast extract,
he percentage of 3-HV would be slightly decreased because limited
alerate (0.05%) was available comparing with gluconate (1.5%) for
(3HB-co-3HV) biosynthesis. The monomer composition of accu-
ulated PHA exhibited the range of in vivo substrate specificity

f PHA synthase. In this experiment, C. taiwanensis incorporated
race amount of 3-HHx monomer into polymer from gluconate
nd hexanoate as the mixed carbon source. Furthermore, a slight
ncrease of 3-HHx was observed after the addition of acrylic acid, a
-oxidation pathway inhibitor [20], to the medium. This suggested

hat the �-oxidation pathway could be the pathway for convert-
ng fatty acids into 3-hydroxyacyl-CoA for PHA biosynthesis. The

etabolic pathway of fatty acids for PHA biosynthesis is similar to
hat of the mesophile PHA producer C. necator H16 [21]. Here, 3-
Hx was suggested as a poor substrate for the PHA synthase. The
HA accumulation from heptanoate and gluconate as the mixed
arbon source, the composition of 3-HV of polymer increased dras-
ically but no 3-HHp detected when acrylic acid (2 mM) was added
o the medium (Table 1). Furthermore, there was still no 3-HHp
etected even higher concentration of acrylic acid (3 mM) added
o the medium (data not shown). This evidence strongly suggested
hat the PHA synthase was capable of efficiently copolymerizing 3-
B and 3-HV but not 3-HHx. And 3-HHp could not be recognized
y the PHA synthase.

C. taiwanensis incorporated a wide range of 3-HV (10–95 mol%)
nto polymer from valerate, but not propionate (Fig. 4). Further-

ore, higher than a 0.2% of propionate significantly inhibited the
rowth of bacteria, and no PHA was detected in the cell. Based on the
esults of Slater et al. [22], C. necator H16 possesses �-ketothiolases,
ktB and BktC, which efficiently condensed propionyl-CoA and
cetyl-CoA into �-hydroxyvaleryl-CoA. It supports C. necator H16
s capable of efficiently metabolizing propionic acid into P(3HB-
o-3HV). Accordingly, it may infer that C. taiwanensis does not
ossess such function of �-ketothiolase to support an efficient
etabolic pathway for P(3HB-co-3HV) biosynthesis from propionic

cid. Unlike previous reports, such as C. violaceum synthesizing
HV homopolymer from valerate [3], D. acidovorans synthesizing
0 mol% of 3-HV from valerate [4], and P. denitrificans synthesizing
-HV homopolymer from n-pentanol [5], C. taiwanensis synthe-

ized P(3HB-co-3HV) with 95 mol% of 3-HV fraction from soluble
tarch or gluconate mixed with valerate as the mixed carbon source
Figs. 2 and 6). More importantly, the ability of C. taiwanensis to effi-
iently convert valerate into 3-HV is crucial for reducing the cost of
(3HB-co-3HV) production, because the production cost of P(3HB-
l Technology 44 (2009) 289–294 293

co-3HV) increases linearly with the increase of 3-HV fraction in
P(3HB-co-3HV), and valerate is relatively expensive [7].

The bacteria barely grew in the starch and valerate contained
medium when inoculated volume of culture was low. The problem
was overcome using high volume of inoculation (described in mate-
rials and methods). When overnight cultured bacteria were the seed
culture for PHA accumulation from starch and valerate, a low PHA
content was detected in the cell (data not shown). However, log
phase cultured bacteria (OD600 at ca. 0.7) were the seed culture,
high PHA accumulation was observed. Nonetheless, C. taiwanen-
sis biosynthesized PHB from soluble starch regardless of whether
overnight cultured bacteria or log phase bacteria were the seed cul-
ture. Accordingly, it is clear that fast growth of cells was helpful for
overcoming the toxicity caused by valerate.

Starch is one of the most abundant and cheap carbon sources
in the world. The major resources for starch production and con-
sumption worldwide are rice, wheat, corn, and potato. Generally,
starch was previously hydrolyzed into glucose or oligosaccharides
by a two-step process, liquefaction and saccharification, prior to
fermentation. The use of commercial enzymes entails an extra
expense, thus increasing the production cost of PHB fermenta-
tion. C. taiwanensis possesses intrinsic starch-degrading enzymes,
which can directly hydrolyze starch into a bacteria-usable car-
bon source for PHB production during fermentation. In this study,
five major resources of starch production and consumption, rice,
wheat, corn, and potatoes were respectively mixed with valerate
as the carbon source for PHA accumulation experiments. C. taiwa-
nensis biosynthesized PHA directly from starches, but the yield of
PHA and biomass were varied form starch to starch (Table 2). The
results may derive from various compositions of amylose and amy-
lopectin between starches. The ability of degrading amylose and
amylopectin of the enzyme would be the key factor, which reflects
the amount of usable saccharides in the medium for PHA biosyn-
thesis. Wheat starch yielded the highest biomass, but the lowest
PHA content among the used starches (Table 2). We inferred that
the wheat starch contains protein (gluten), which provided nitro-
gen source for bacterial growth and the higher yield of biomass.
Contrary, higher content of nitrogen in the medium would slightly
lower the PHA accumulation. The results showed that C. taiwanensis
produced not only PHB from the starches, but also P(3HB-co-3HV)
from a mixed carbon source comprised of starches and valerate. This
characteristic is likely to be useful in lowering the PHA production
cost.
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